Glioblastoma multiforme patients have a poor prognosis due to therapeutic resistance and tumor relapse. It has been suggested that gliomas are driven by a rare subset of tumor cells known as glioma stem cells (GSCs). This hypothesis states that only a few GSCs are able to divide, differentiate, and initiate a new tumor. It has also been shown that this subpopulation is more resistant to conventional therapies than its differentiated counterpart. In order to understand glioma recurrence post therapy, we investigated the behavior of GSCs after primary chemotherapy. We first show that exposure of patient-derived as well as established glioma cell lines to therapeutic doses of temozolomide (TMZ), the most commonly used antiglioma chemotherapy, consistently increases the GSC pool over time both in vitro and in vivo. Secondly, lineage-tracing analysis of the expanded GSC pool suggests that such amplification is a result of a phenotypic shift in the non-GSC population to a GSC-like state in the presence of TMZ. The newly converted GSC population expresses markers associated with pluripotency and stemness, such as CD133, SOX2, Oct4, and Nestin. Furthermore, we show that intracranial implantation of the newly converted GSCs in nude mice results in a more efficient grafting and invasive phenotype. Taken together, these findings provide the first evidence that glioma cells exposed to chemotherapeutic agents are able to interconvert between non-GSCs and GSCs, thereby replenishing the original tumor population, leading to a more infiltrative phenotype and enhanced chemoresistance. This may represent a potential mechanism for therapeutic relapse.
Glioblastoma multiforme (GBM) is a heterogeneous, highly invasive brain tumor, which is treated with a multimodal approach that includes surgery followed by radio-and chemotherapy.
1 Temozolomide (TMZ) is currently the best chemotherapeutic drug available on the market against malignant glioma because of its ability to cross the bloodbrain barrier (BBB). Even after such an aggressive therapeutic intervention, disease relapse is inevitable due to GBM's infiltrative nature and ability to resist conventional therapies. 2, 3 Thus, understanding the mechanisms of therapeutic escape and disease recurrence is crucial for developing more effective treatments against GBM.
GBMs are among the first solid tumors in which the discovery of stem-like tumor-initiating cells has suggested the existence of a hierarchical model of tumorigenesis. Such a dogma proposes that a distinct population of tumor cells, referred to as glioma stem cells (GSCs), are not only responsible for driving tumor growth, but also represent a population that can survive intensive oncological therapies and give rise to recurrent malignancies. 4, 5 In the clinical setting, the presence of CD133 þ GSCs correlates with a shorter overall survival as well as reduced progression-free survival and is considered a critical target for successful antiglioma therapies. 6 The inability of conventional treatments, such as radio-and chemotherapies, to exterminate all infiltrative tumor foci is considered one of the main causes of therapeutic failure and malignant recurrence in GBM. Although the radio-resistance properties of glioma cells are fairly well established, the underlying molecular mechanisms of chemoresistance have been addressed only in a few studies. 7, 8 On the basis of this, we set to investigate the biology of GSCs following TMZ therapy both in vitro and in vivo. We observed significant expansion of different GSC subpopulations after exposure to TMZ at the plasma (50 mM) and cerebral spinal fluid (CSF; 5 mM) concentrations detected in GBM patients.
This expansion arises from the high degree of plasticity that exists within glioma cell populations. After long-term exposure to therapeutic concentrations of TMZ, differentiated tumor cells convert into glioma stem-like cells. These newly formed GSCs acquire phenotypic and functional characteristics similar to those of native GSCs. Once implanted orthotopically in the animal brain, these newly converted GSCs demonstrate a very invasive characteristic similar to that of parental GSCs. In light of these findings, we propose that TMZ may induce specific changes in the tumor microenvironment, which facilitate a GSC-specific 'niche', thereby providing the necessary contextual signals to initiate the interconversion between differentiated tumor cells and GSCs. Therefore, such cellular plasticity represents a new mechanism for therapeutic resistance in GBM, and understanding this may allow us to optimize TMZ-based antiglioma chemotherapy.
Results
Clinically relevant doses of TMZ cause an increase in the GSC pool in vitro. The clinically relevant regimen for TMZ consists of 150-200 mg/m 2 /day, via oral administration, on days 1-5 of a 28-day cycle. 1 However, its peak concentration measured is only 50 mmol/l in patient's blood samples [9] [10] [11] [12] and 5 mmol/l in the CSF. 12 Thus, it has been proposed that the intratumoral concentration may not exceed 50 mmol/l. 9 On the basis of this, we chose to use 5 and 50 mmol/l of TMZ throughout our experiments. The IC50 values for the GBM cell lines and xenografted specimens used throughout our experiments were significantly higher than the therapeutic concentrations of TMZ observed in patients (data not shown). All three xenografted specimens (GBM43, GBM6, and GBM26) and three GBM cell lines (U251, U87, and A172) were cultured as previously described. To identify the GSC population, based on published data, we considered the CD133 and CD15 cell markers in combination with other stem cell markers such as Nestin, Sox2, and Oct4. 7, [13] [14] [15] To validate their use in our model, we first evaluated both in vivo and in vitro the functionality of the GSCs isolated utilizing these markers. The in vivo limiting dilution assay (Supplementary Figure S1A) showed that, independently of the GSC marker used in the sorting process (CD133 or CD15), mice intracranially implanted with GSCs (CD133 only or CD15 only) had a higher rate of tumor engraftment when compared with mice that received the double-negative (DN) non-GSC population (that is, 5/5 animals for the CD15 þ and 4/5 animals for CD133 þ subgroups versus 1/5 for the DN subgroup (**Po0.01) -500 cells/animal). In addition, the group that received 500 GSCs/animal had a higher rate of engraftment when compared with the group that received 100 GSCs/animal (either 4/5 or 5/5 animals/group versus 2/5 animals/group (*Po0.05)). Furthermore, the analysis of in vitro neurosphere formation and clonogenicity assays (Supplementary Figures S1B-i and B-ii) using freshly sorted U251 GSCs (CD133 þ , CD15 þ , and DP) demonstrated that these populations are able to self-renew and effectively form neurospheres in the control group.
Our in vitro data indicated that therapeutic concentrations of TMZ consistently increased the GSC population over time in at least four out of six studied cell lines and xenografted specimens. Almost all of the patient-derived as well as established GBM lines treated with 50 mmol/l of TMZ for 8 days showed an increase (16% on average) in the number of GSCs (CD133 þ , CD15 þ , and CD133 þ CD15 þ ; ***Po0.001, Figure 1 and Supplementary Figure S2) . The biggest increase in the GSC pool was observed 8 days postinitial TMZ therapy (Figure 2a) . Similar results were seen in a primary GBM sample treated with or without 50 mM of TMZ (Supplementary Figure S3) . Within specific subpopulations, the analyzed cells also presented a significant increase in other GSC markers, such as Sox2, Oct4, and Nestin (11, 12 , and 25% on average, respectively; ***Po0.001, Figure 1a and Supplementary Figure S2A) . Additionally, they co-expressed markers of pluripotency and stemness -14% of GSCs co-expressed SOX2, 9% co-expressed Oct4, and 10% co-expressed Nestin (***Po0.001, Figure 1b and Supplementary Figure S2B ).
TMZ induces expression of GSC phenotypic markers in the non-GSC subpopulation. On the basis of previously published reports as well as our observations, we postulated the following three scenarios: (1) selection, where TMZ exposure could selectively deplete the non-GSC population, thus increasing the percentage of the GSC pool within the total tumor cell population; (2) expansion, where TMZ can selectively expand the specific 'pre-therapy' GSC pool by inducing proliferation, and finally (3) conversion, where differentiated non-GSCs can spontaneously convert into a stem-like state. 16, 17 To examine these possibilities, both GSC-enriched (CD15 þ and CD133 þ CD15 þ (DP)) and non-GSC (CD133 À CD15 À (DN)) subpopulations were separated into three groups (CD15 þ , DP, and DN) by flow cytometry (FACS) sorting. Immediately post separation, U251 subpopulations were treated with or without 50 mmol/l of TMZ for 8 days. On days 2, 4, 6, and 8 post-TMZ therapy, cells were collected and analyzed by FACS for GSC markers (CD15 and CD133). As shown in Figure 2b , in the presence of TMZ, we observed an increased expression of GSC markers (CD15 þ CD133 þ ) not only in previously positive GSC populations but also in non-GSCs (DN populations). Over time, whereas all control groups maintained the same baseline values (B0.3% of positivity), all groups exposed to TMZ continually presented an increase in GSC markers up to day 8, when positivity levels reached their peak. The CD15 þ group showed the highest increase in GSC expression after TMZ therapy (on average 12%), followed by unsorted (7.6%), DN (4.5%), and DP (3.9%) populations.
One possible shortcoming of the experiment described above is the fact that each subpopulation was cultured separately, which could have destroyed the equilibrium of a previously established tumor cell hierarchy. To exclude this possibility, we repeated the cell sorting explained above and each subpopulation was tagged separately with GFP by lentivirus-mediated stable introduction of GFP expression cassette ( Figure 3) . By mixing one GFP-tagged and two untagged subpopulations, we were able to maintain the same proportions found in the original unsorted group (2.1% CD15 þ , 1.3% DP, and 96.6% DN). Therefore, we finally obtained three mixtures of cells: MIX 1 (DN GFP þ , CD15 þ non-GFP, DP non-GFP), MIX 2 (DN non-GFP, CD15 þ GFP þ , DP non-GFP), and MIX 3 (DN non-GFP, CD15 þ non-GFP, DP GFP þ ). After seeding, all three mixtures were treated with DMSO or TMZ for up to 8 days. Cells were collected on days 4 and 8 post-TMZ treatment, stained for CD133 and CD15 markers, and analyzed using FACS. All mixtures treated with DMSO kept the same low levels of GSC markers, whereas all mixtures treated with TMZ, either 5 or 50 mmol/l, showed an increase in GSC markers both 4 and 8 days post therapy. Figures 3b and c display results from experiments using MIX 3 (DN non-GFP, CD15 þ non-GFP, DP GFP þ ). We observed an increase in GSC phenotypic markers only in TMZ-treated cells, which increased 1.7-folds in 5 mmol/l treated cells and 19.6-folds in 50 mmol/l 8 days post therapy. This result was true for both CD133 (Figure 3b ) and CD15 (Figure 3c ) markers. In Figure 3d (representative FACS plots), we observe that both previous DP and DN populations present a significant increase in GSC markers (Po0.001). Thus, our results suggest that the increased pool of GSCs is a result of both the expansion of parental GSCs as well as conversion of non-GSCs into newly formed GSCs. Figure 1 Representative FACS plot characterizing our newly formed stem-like cells 8 days post-initial TMZ therapy in four human-derived as well as established glioma cell lines. (a) There is a consistent and significant increase of classical CSC markers (CD133, CD15, Sox2, and Oct4) post-TMZ therapy. These results are extendable to at least three out of four glioma cell lines and xenografted specimens studied, except Oct4, which is overexpressed in two out four cell lines and xenografts. (b) The expression of double-positive markers has been selected in order to allow a more reliable categorization. There was a significant increase in GSCs co-expressing both CD133 and CD15 markers. This increase is also observed for the co-expression of CD133 and Sox-2 and CD133 and Oct4. This last combination was not significantly increased in GBM43 xenografts (P: ns). The control group (CTRL) received DMSO. Error bars denote S.E.M. P: ns (P40.05), *Po0.05, **Po0.01, ***Po0.001, one-way analysis of variance TMZ-mediated expansion of the GSC pool is driven by newly converted GSCs. Next, we investigated whether the observed increase in the GSC pool post-TMZ therapy was driven by an expansion of parental GSCs or conversion of non-GSCs into GSCs. We first FACS-sorted different GSC subpopulations and cultured them with or without TMZ in the presence of neurosphere formation media (Supplementary Figures S1 B-i and B-ii). In the control group, all sorted cells were able to self-renew and effectively form neurospheres. In the TMZ-treated group, the drug was shown to affect the ability of CD15 þ and DP cells to form neurospheres (*Po0.05 and ***Po0.001, respectively), whereas it inhibited the ability of CD133 þ cells to form neurospheres (***Po0.001). Next, we analyzed the death rate of glioma subpopulations in the GFP-tagged mixtures above described. The goal was to accurately analyze cell death in each specific compartment. We performed a FACS analysis of the previously described MIX 1 (a mixture of all U251 subpopulations containing GFP-tagged DN cells (non-GSCs)) and MIX 3 (a similar mixture with DP GSCs that are GFP-tagged) treated or not with TMZ for 4 and 8 days in two different concentrations (5 and 50 mmol/l; Figure 4 ). After TMZ treatment, both mixtures were labeled with anti-human CD133 and CD15 antibodies together with 7-AAD, a nucleic acid dye commonly used for the exclusion of non-viable cells in flow cytometry assays.
At the dose of 50 mmol/l, the DP GFP þ (GSC) population presented significantly greater number of dying cells represented by 7-AAD-positive staining (Figure 4 , Po0.0001). For the DP GSC population, on day 4 about 31%, and on day 8 about 35% of the cells were 7-AAD-positive, as compared with B11% (day 4) and B7% (day 8) for the non-GSC (DN) population. As shown in Figure 2b , the expansion rate of sorted DP cells on day 8 was 1-4% post-TMZ therapy, and for the DN cells it was 1-5%. From this we can conclude that the expansion rate post-TMZ therapy is roughly equal. However, the death rate of the DP population on day 8 was 28% greater than in the DN population after TMZ treatment. We found similar results using trypan blue exclusion method (data not shown). There was minimal difference in cell cycle profile among the studied cell lines and xenografted specimens (U251, GBM43, and GBM6), except for GBM26, which showed a cell cycle arrest on G2M upon TMZ treatment (Supplementary Figure S4A) . Proliferation analysis by BrdU incorporation also did not show any difference in the U251 and GBM43 studied populations (P40.05, ns) (Supplementary Figure S4C ). Taken together, the above results imply that the observed increase of GSCs post-TMZ therapy is predominately a result of conversion of non-GSCs into GSCs.
In vivo evaluation of TMZ-induced expansion of the GSC pool. Next, we investigated whether TMZ-induced þ , and DP) U251 populations. We observed a maximum increase in the GSC population 8 days post-initial TMZ therapy. There are both an amplification of GSCs and a conversion of DN non-GSCs into single-positive or double-positive GSCs. DN: FACS-sorted non-GSCs expressing double-negative markers (CD133 À CD15 À ), CD15 þ : sorted GSCs expressing only the CD15 marker, DP: sorted GSCs expressing double-positive markers (CD133 þ CD15 þ ). Error bars denote S.E.M. P: ns (P40.05), *Po0.05, **Po0.01, ***Po0.001, one-way analysis of variance expansion of the GSC pool exists in vivo. We first implanted glioma xenografts by injecting GBM43 in the flank of athymic nude mice. When the tumor became palpable (B1 cm 3 ), mice were treated with three different doses of TMZ (2.5, 5, and 10 mg/kg/day) by intraperitoneal injection for 5 consecutive days, followed by a 5-day break (experimental schematic in Figure 5a ). Tumor volumes were measured daily post-TMZ treatment. On day 10, animals were killed and tumors from each treatment group were harvested and weighed. As shown in Figures 5b and c, the group of mice that received the dose of 2.5 mg/kg of TMZ showed no difference with respect to the volume and weight of the treated tumor as compared with the control group. On the other hand, mice receiving 5 and 10 mg/kg of TMZ had, on average, B73% of reduction in their tumor volume. The GSC frequency in all tumors was analyzed using the FACS assay. We observed a significant increase in the GSC pool in the group treated with 2.5 mg/kg for all tested markers (CD133, CD15, and Sox2) compared with mock, indicating the in vivo amplification of the GSC pool at the dose of 2.5 mg/kg. In addition, there was a statistically significant increase in the mean fluorescence intensity (MFI) for CD133 and Sox2 markers in the flank tumors treated with 2.5 mg/kg (Figures 5c-e). These results were also confirmed with IF staining, which showed a considerable increase in CD133 and Sox2 markers in orthotopic tumors of mice that received 2.5 mg/kg of the drug (Figure 5f ). Similar results are seen in Figure 5g using three other patient-derived glioma models, GBM12, GBM26, and GBM39. There was an increase in the CD133 population after TMZ treatment in all three GBM-xenografted specimens tested. Additionally, there was an increase in CD133 þ CD15 þ and CD133 þ Sox2 þ GSCs in two out of three GBM xenografts tested. Taken together, these data indicate that subtherapeutic doses of TMZ also induce amplification of the GSC subpopulations in vivo, similarly to the results observed in vitro. The mechanisms of such amplification remain to be investigated. However, our initial results reveal that DMSO-treated U251 cells, which mostly undergo asymmetric cell division within the CD133 þ GSC subpopulation, dramatically shift to symmetric cell division upon TMZ therapy (Supplementary Figure S5) , a mechanism reported to be required for neoplastic transformation, CSC Figure 3 Graphic representation of the increase in the GSC pool post-TMZ therapy in unsorted U251 glioma cells with GFP-tagged subpopulations (DN, CD15 þ , and DP). (a) Figure depicting the experiment set up with tagged GSC and non-GSC subpopulations. As there is no consensus on an optimal and most representative GSC marker, we used various single and combined markers to ratify our observations. (b) Plot depicting amplification of DP (GFP þ ) GSCs into CD133 þ GSCs. TMZ triggered an amplification of the GFP-tagged CD133
þ GSCs (GFP þ CD133 þ ) over time and in a dose-dependent manner (both with 5 and 50 mM of TMZ). Mock cells present a typical fluctuation in the GSC markers, with very low rates of GSCs (B0.093%). The TMZ-triggered amplification of the GFP-tagged tumor cells aims to replenish the previously depleted GSC population, raising it to B1.16% at 8 days post-TMZ therapy (50 mM). (c) Similar representation showing the amplification of the DP GSC population (GFP-tagged). Now such amplification is measured by an increase in single-positive CD15 GSC markers. (d) Both unsorted DN (first column) and DP (second column) U251 GFP-tagged cells show an increase in the GSC population at 4 and 8 days post-initial TMZ therapy. Here we look for the presence of double-positive (CD133 þ CD15 þ ) GSC markers. We see both a significant conversion of non-GSCs into DP GSCs (Po0.001) and an amplification of the DP GSCs (Po0.001). P-values represent the average of at least five samples, P: ns (P40.05), *Po0.05, ***Po0.001, one-way analysis of variance maintenance, and cancer progression. [18] [19] [20] Moreover, we observed significant epigenetic changes of the methylation status on the promoter region of four genes associated with stemness and self-renewal (FOS, 21 Olig2, 22 RUNX1, 23 and SMAD2 24 ) in DN GBM cells treated with TMZ (Supplementary Figure S4B) . These results provide new clues regarding the mechanisms of TMZ-mediated GSC amplification and require further investigation.
Next, to evaluate the tumorigenic potential of newly converted GSCs in vivo, a single cell suspension from DMSO and TMZ (2.5 mg/kg)-treated tumors was sorted with antihuman CD15 and CD133 antibodies. The sorted CD15 þ , DP, and DN subpopulations from both groups were orthotopically implanted into the brains of athymic nude mice (1000 cells/ mouse, n ¼ 5; Figure 6a ). The rate of tumor engraftment, survival patterns, and invasiveness were monitored in all groups. As shown in Figure 6c , three out of five CD15 þ implanted GSCs (parental GSCs; from the DMSO-treated flank tumor) engrafted, whereas five out of five CD15 þ GSCs (newly converted GSCs; from the TMZ-treated flank tumor) were tumorigenic (median survival of 36 days for both the groups). In the DP (CD133 þ CD15 þ ) group, 100% of mice developed tumor engraftment. However, we observed a delayed tumor development in the TMZ-treated group as compared with DMSO-treated control (median survival 33 days for TMZ-treated group and 27 days for DMSO-treated control, Po0.05). These data corroborate our in vitro finding where we observed that the parental GSC population is more sensitive to TMZ therapy. For the DN non-GSC-implanted animals, we observed 60% of engraftment in the DMSOtreated group as compared with 100% of engraftment of DN non-GSCs previously treated with TMZ (Figure 6b ; median survival of 33 days for both the groups). Most importantly, hematoxylin and eosin (H&E) analysis of DN glioma xenografts previously treated with TMZ showed a significantly increased number of invasive tumor foci in the DN non-GSC group treated with TMZ as compared with the DMSO-treated control (Po0.05). Such a property was very similar to DP GSC-implanted tumors that demonstrated invasive properties with or without TMZ treatment, a previously established characteristic of CSCs 25, 26 (Figures 6d and f) . The effects of TMZ on GSC frequency and malignant invasion can also be observed in Figure 6e Figure S6B) show an increase in both number and colocalization of GSC markers (CD133 and Sox2) and a decrease in differentiation markers (GFAP) in tumors treated with TMZ. Independent of the treatment received, CD133 and GFAP do not colocalize. Taken together, these results indicate that DN non-GSCs previously treated with suboptimal doses of TMZ start to behave as parental pre-existing GSCs with respect to expression of GSC-associated molecular markers, in vivo ability of tumor formation, and invasiveness.
TMZ-associated increment of hypoxia-inducible factors (HIFs). It has been previously reported that HIF is accumulated in all tumor cells under hypoxic conditions 16, 27 and is critical for the generation of a hypoxia-induced CSC niche. 27, 28 On the basis of this, we investigated the role of HIF in the TMZ-induced conversion of non-GSCs to GSCs. We found that 8 days post-TMZ therapy there was a significantly higher expression of HIF2A in the GSC compartment of all four cell lines and xenografted specimens studied. Similarly, in three out of four glioma cell lines and Figure 4 Therapeutic doses of temozolomide can deplete the pre-existing GSC pool. FACS analysis of the GFP-tagged (GFP þ ) DN (CD133 À CD15 À ) non-GSC and DP (CD133 þ CD15 þ ) GSC populations. Cell viability was assessed by 7-AAD staining. Although DN cells are killed by TMZ treatment, there is no preferential death of the DN non-GSC population upon long-term TMZ therapy (either on day 4 (B12%) or 8 (B7%)). DP GFP þ cells seem to be more vulnerable to TMZ therapy (B33% of 7-AAD þ cells 8 days post-initial therapy). Error bars denote S.E.M. P: ns (P40.05), *Po0.05, **Po0.01, ***Po0.001, one-way analysis of variance either with DMSO or different doses of TMZ (2.5, 5, and 10 mg/kg/day) showed a significant increase in HIF1A and HIF2A in the tumors that were exposed to 2.5 mg/kg of the drug. The high expression of these markers also correlated with an elevated expression of Nestin. Interestingly, tumors from mice that received a dose that was able to shrink B80% Figure 7 Temozolomide-associated increment of HIFs may control GSC maintenance and tumorigenesis. (a) Serial analysis of all four cell lines used throughout this study indicated significantly increased levels of HIF2a in CD133 þ GSCs in four out of four glioma cell lines. The same was true for HIF1a and Ki67, a well-known marker of cell proliferation. Additional analysis revealed that only two out of four studied cell lines possessed CD133 þ GSCs that expressed MGMT, a DNA repair protein. (b) Hypoxyprobe staining identifying hypoxic areas within GBM43 brain tumors. TMZ-treated tumors presented more hypoxic regions than the non-treated group. Fluorescent images were captured using the Â 10 and Â 40 objectives. Error bars denote S.E.M. P: ns (P40.05), *Po0.05, **Po0.01, ***Po0.001, one-way analysis of variance Figure 6 The effects of temozolomide on GSCs and tumor engraftment in vivo (human-derived GBM43 intracranial model). (a) Figure describing in vivo experiment set up. GBM43 tumors were implanted in the flank of athymic nude mice and treated for 5 consecutive days with 2.5 mg/kg/day of TMZ or DMSO (five animals/group). Five days posttherapy tumors were collected and disaggregated, and glioma cells were immediately FACS-sorted for DN (CD133 À CD15 À ) non-GSCs, CD15 þ GSCs, and DP (CD15 þ CD133 þ ) GSCs. The sorted populations were orthotopically implanted in the brain of athymic nude mice and (b) frequency of tumor engraftment and (c) animal survival were observed. The Kaplan-Meier survival plots show that mice intracranially injected with DN non-GSCs previously treated with TMZ presented similar survival rates as those that received TMZ-treated GSCs. P-values were calculated using the log-rank test. (d and e) We also analyzed the histological characteristics and (f) the frequency of extra-tumor foci by H&E staining in both DP and DN populations. There was a consistently higher infiltrative and invasive phenotype in xenografts derived from both non-GSCs and GSCs previously treated with TMZ. The mice brains that received TMZ-treated cells displayed a significantly higher (Po0.05) number of extra-tumor foci when compared with the control groups. Error bars represent S.D. from the average of at least five samples. P: ns (P40.05), *Po0.05, **Po0.01, ***Po0.001, unpaired t-test of the tumor had very low HIF1A, HIF2A, and Nestin expression levels (Supplementary Figure S6A) . These data suggest that suboptimal doses of TMZ (below the IC50) may trigger the overexpression of genes related with GSC maintenance, leading to an increased proliferation and renewal of tumor-initiating stem cells. Furthermore, we evaluated the expression of MGMT, a DNA repair enzyme associated with resistance to alkylating anticancer agents (such as TMZ), in the GSC compartment of all studied cell lines. We observed an increased MGMT expression in CD133 þ GSCs in two out of four glioma cell lines, suggesting that TMZ may also induce chemoresistance, contributing to higher tumorigenesis and sustaining long-term tumor growth (Figure 7a ).
Discussion
CSCs have been held responsible for glioma initiation, progression, and therapeutic relapse. Thus, understanding the mechanisms underlying the emergence and maintenance of GSCs is critical for the development of new therapeutic approaches that may be able to target this specific population. In this study, we provide functional and some mechanistic evidence of the conversion of non-GSCs into GSCs both in vitro and in vivo after exposure to TMZ, one of the current standard of care treatments in antiglioma therapy.
The universal CSC marker remains a controversial topic due to high interpatient as well as intratumoral variability. Various surface markers such as CD133 and CD15 combined with other stem cell markers such as Nestin, SOX2, and Oct4 repeatedly reported to successfully identify GSC populations both in vitro and in vivo. Using these classical CSC markers, we demonstrated a consistent increase in multiple phenotypic and functional GSC markers across all studied glioma cell lines, xenografts, and primary specimen post-long-term exposure to clinically relevant doses of TMZ. This increase in the GSC population is time-dependent, being greatest at 8 days post-initial therapy. To our knowledge, this is the first time that such a finding has been reported in the literature, and it provides very important information concerning the origin, development, and maintenance of the GSC population post-TMZ treatment.
We next investigated whether the newly formed GSCs observed in this study are a result of selection, expansion, or conversion of glioma subpopulations. A number of experimental findings described in our report clearly argue against the concept that GSC populations are more chemoresistant than their non-GSC counterpart 29 and also corroborate several recently published reports that show that GSCs can be quite sensitive to TMZ therapy. 9, 30 On the contrary, we observed that non-GSCs are capable of converting into GSCs under the influence of TMZ and that the TMZmediated expansion of the GSC pool is driven by newly converted GSCs. These newly formed GSCs expressed molecular markers associated with the parental GSCs. Previous reports studying the dynamics of CSCs in breast cancer models have demonstrated that conversion of a non-CSC population into a CSC-like population happens spontaneously, which is also observed in our experiments where the sorted or GFP-labeled non-GSC pool became DP over time. 17 However, the interconversion rate between non-GSC to GSC was significantly accelerated upon longterm TMZ exposure. Such a phenomenon has been widely postulated in the literature. 16 Nevertheless, for the first time, we show that this interconversion occurs in glioblastoma models and, most importantly, can be modulated by a widely used anticancer chemotherapy.
We also demonstrate that the newly formed GSCs are functional, possess a high rate of tumor engraftment, and display a more invasive phenotype. Mice intracranially injected with newly formed GSCs presented similar survival rates to those that received parental GSCs. In addition, a histological analysis of parental GSC and newly formed GSC tumors revealed similar infiltrative and invasive phenotypes. Thus, we were able to functionally characterize these newly formed GSCs, showing an infiltrative phenotype, and a propensity for tumor relapse following chemotherapy.
Our results also reveal that the newly formed GSCs express high levels of both HIF1A and HIF2A, which are well-studied cellular factors important for maintaining the CSC niche. 16, 27, 28 Similarly to us, Heddleston et al. 16 showed that the HIF þ compartment possesses a higher self-renewal capability and induces an increase in typical CSC markers in both non-GSCs and GSCs. Therefore, there is a possibility that the conversion of non-GSCs into GSCs post-TMZ therapy observed in our experiments may be regulated by HIF. In addition, a recent report has shown that HIF is able to bind to the MGMT promoter of glioma cells. 31 These results may explain the involvement of HIF in the mediation of glioblastoma resistance to TMZ. We observed MGMT expression in half of the CD133 þ cell lines tested. However, the majority of these cell lines were resistant to TMZ. This suggests that alternative MGMT-independent mechanisms of therapeutic resistance may exist, and therefore HIF-regulated MGMT expression may be worthy of further investigation.
The balance of the interconversion between CSCs and nonCSCs could be shifted in one direction or another in response to specific niche factors, such as hypoxia, acidic stress, and metabolic stress. Recent studies have shown that mature CD133 negative non-CSCs are able to acquire CSC properties under intermittent hypoxic conditions. 16, 32, 33 Their results suggest that such a mechanism is regulated by HIF. Similarly, our data show in an orthotopic xenograft glioma model that TMZ treatment significantly increases the number of intratumoral hypoxic foci. Acidic stress has also been linked to malignant transformation. Hjelmeland et al. 34 have demonstrated that exposure of glioma cells to low pH environments promotes malignancy through the induction of a GSC phenotype. 34 They found that the acquisition of HIF2A was an important contributor to this process. Metabolic reprogramming of cancer cells has also shown to trigger such an interconversion. 35, 36 In keeping with our results, a recent study indicated that TMZ might induce mutations in pretreated tumors. 37 Through the analysis of 4 938 362 mutations from 7042 human cancers, the authors extracted 21 distinct mutational signatures. Interestingly, signature 11 was found in malignant melanomas and GBMs pretreated with TMZ. The authors stated that the mutational features found in this signature were very similar to those previously reported in experimental studies of alkylating agents. 38 In conclusion, the data presented here add details to mechanistic and functional evidence of conversion of nonGSCs into GSCs. We also show that chemotherapeutic agents such as TMZ can modulate this increased plasticity. We offer a new model that may be able to explain the high rates of tumor recurrence post-conventional therapy. This model opens doors for a better understanding of the mechanisms behind the maintenance and increase in GSCs post chemotherapy. Our results, along with other published data, question the rigid cellular hierarchy within a tumor proposed by the initial CSC theory, and suggest that the 'stemness' of CSCs could be governed by cellular plasticity. Understanding how such plasticity can stimulate the dedifferentiation of non-CSCs and increase the overall 'stemness' of the tumor will be critical for developing effective therapeutic strategies to target GSC populations.
Materials and Methods
Cell culture and propagation. U87MG, U251, and A172 human glioma cell lines were purchased from the American Type Culture Collection (Manassas, VA, USA) and maintained according to the manufacturer's recommendations. U87MG cells were cultured in Minimum Essential Medium (MEM; HyClone, Thermo Fisher Scientific, San Jose, CA, USA), whereas U251MG and A172 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) containing 2% penicillin-streptomycin antibiotic (Cellgro, Herdon, VA, USA; Mediatech, Herdon, VA, USA) and 10% fetal bovine serum (FBS; Atlanta Biologicals, Lawrenceville, GA, USA). All cells were grown in a humidified atmosphere, with 5% CO 2 and 37 1C conditions. All cell lines were enzymatically dissociated using 0.25% trypsin/ 2.21 mmol/1 EDTA solution (cat. no. 25-053-CI; Mediatech).
The patient-derived GBM43-, GBM12-, GBM6-, GBM26-, and GBM39-xenografted glioma specimens were provided by Dr. David James from the University of California San Francisco and maintained according to the published protocol. 39, 40 Cells were propagated in vivo by serial passaging in the flank of nude mice and, for in vitro studies, cultured in DMEM 1% FBS containing 2% penicillinstreptomycin antibiotic (Cellgro; Mediatech). Concerning the MGMT methylation status, GBM12 and GBM39 tumors present a methylated MGMT, whereas GBM43, GBM6, and GBM26 xenografts have a nonmethylated MGMT promoter. [39] [40] [41] The human glioblastoma sample was obtained from a consenting patient, as approved by the University of Chicago Institutional Review Board. The biopsy was identified as a primary glioblastoma based on neuropathological diagnosis. The tumor was washed, acutely dissociated, and then subjected to enzymatic dissociation. Harvested cells were then cultured in serum-free tumor sphere media (TSM) as previously described. 13, 42 For experimental purposes, cells and primary neurospheres cultured in each appropriate cell culture medium were treated with either TMZ (Schering Plough; stock solution 50 mmol/l in DMSO) or DMSO control in the concentrations of 5 or 50 mmol/l over the periods indicated.
Flow cytometry analyses. For in vitro experiments, on serial time points post-TMZ or DMSO addition (days 2, 4, 6, and 8) cells were collected, labeled, and analyzed for both surface and intracellular markers as previously described. 43 The following human-specific antibodies were used: anti-CD133-PE (2 : 100; Miltenyi Biotec, Auburn, CA, USA), anti-CD15-APC (5 : 100; BD Pharminogen, San Diego, CA, USA), anti-Oct4-FITC (5 : 100; Millipore, Billerica, MA, USA), antiKi67-FITC (4 : 100; Abcam, Cambridge, MA, USA), biotinylated anti-SOX2 (4 : 100; R&D Systems), purified rabbit anti-Nestin (4 : 100; Covance, Berkeley, CA, USA), purified monoclonal anti-HIF1A (hypoxia-inducible factor-1A; 4 : 100; Abcam), purified monoclonal anti-HIF2A (4 : 100; Millipore), purified polyclonal rabbit anti-MGMT (4 : 100; Cell Signaling, Beverly, MA, USA); and anti-mouse CD45 eFluor450 (eBioscience, San Diego, CA, USA). In addition, we used as secondary antibodies anti-rabbit IgGk1 FITC (1 : 500; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-mouse IgGk1 PB (1 : 500; Abcam), and Streptavidin PB (1 : 500; Molecular Probes, Eugene, OR, USA). To label dead cells, 0.1 mg/ml of 7-AminoActinomycin D (7-AAD; BD Pharminogen) was applied for 10 min. Staining was quantified using flow cytometry (BD LSRII-Blue). Data analysis was carried on the FlowJo (TreeStar, Ashland, OR, USA) software. For the analysis of the ability of differentiation of cancer stem cells (CSCs; symmetric and asymmetric cell division) upon TMZ therapy, GBM cells were stained with anti-human CD133-PE (2 : 100; Miltenyi Biotec). Cell fluorescence data and images were acquired using ImageStreamX Mark II (Amnis, Seattle, WA, USA), and data were analyzed using the ImageStream Data Analysis and Exploration Software (IDEAS).
Cell cycle analysis. DNA content measurement utilized the Propidium Iodide/RNase Staining Buffer (BD Pharmingen, cat. no. 550825) with the addition of 0.1% Triton X-100. Cells treated with either DMSO or TMZ (50 mmol/l) for 8 days were detached with a cell scraper in PBS solution, fixed in 70% ethyl alcohol, stored at À 20 1C for 24 h, and then stained. EdU incorporation was performed with the Click-iT EdU Flow Cytometry Assay kit Alexa Fluor 647 (Invitrogen, Carlsbad, CA, USA; cat. no. 10424), which was modified for usage with 70% ethyl alcohol fixation. Cells were incubated with 25 mM of EdU at 37 1C for 1 h before fixation and subsequent staining.
BrdU incorporation assay. Proliferation was assessed by examining bromodeoxyuridine (BrdU) incorporation 14 h after the addition of BrdU to glioma cells and xenografted specimens in culture. Analysis of BrdU labeling of cells was performed using the BrdU Flow kit from BD Biosciences (San Jose, CA, USA) according to the manufacturer's instructions.
Genomic DNA isolation and analysis of DNA methylation by methylation-specific digestion combined with qPCR. Genomic DNA was isolated from freshly sorted CD133 À CD15 À U251 non-GSCs treated for 8 days with or without 50 mmol/l of TMZ, using the DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA, USA) following the manufacturer's instructions. For detection of promoter CpG island methylation sites on the analyzed genes, genomic DNA was subjected to four digestions (mock, methylationsensitive, methylation-dependent, or both) by using the EpiTect Methyl DNA Restriction Kit (SABiosciences, Frederick, MD, USA) following the manufacturer's instructions. Products from the digestion were quantified for levels of methylation by qPCR using the Human Stem Cell Transcription Factors EpiTect DNA Methylation PCR Array (MeAH-511, SABiosciences). Results were analyzed using a software from SABiosciences (www.sabiosciences.com/ dna_methylation_data_analysis.php).
GSC sorting and establishment of fluorescent-labeled GSC subpopulations. In order to track GSC fate and reliably detect proportions of specific stem cell populations, we generated GFP-labeled U251 GSC lines. We stained the cells as described above before sorting. CD15 þ , double-positive (DP), and double-negative (DN) cell fractions were sorted on BD FACSAria (Becton Dickinson, San Jose, CA, USA) and the following proportions were obtained: 2.1% CD15 þ , 1.3% DP (CD133 þ CD15 þ ), and 96.6% DN (CD133 À CD15 À ). Fractions were seeded at a density of 5 Â 10 4 cells/well in six-well plastic culture dishes (Becton Dickinson). Cells were then incubated for 24 h with replication-deficient lentiviral vectors containing GFP expression cassettes.
To be able to reliably study GSC plasticity and track GSC fate in vitro, we labeled each GSC subpopulation with a GFP cassette (Lenitvirus-GFP) and recreated a heterogeneous tumor cell population, maintaining the original proportions of GSCs and DN subpopulations (above described). Freshly sorted populations were counted and mixed, forming three different groups with the following designs: (a) MIX 1: DN GFP þ (96.6%), CD15 þ non-GFP (2.1%), DP non-GFP (1.3%); (b) MIX 2: DN non-GFP, CD15 þ GFP þ , DP non-GFP; and (c) MIX 3: DN non-GFP, CD15 þ non-GFP, and DP GFP þ .
Neurosphere culture assay. Freshly sorted U251 GSCs (DP, CD15 þ , and CD133 þ ) were plated at a density of 10 cells/well in non-adherent 24-well plates. They were cultured for 14 days in Neurobasal media with B27 (without Vitamin A, Invitrogen), N2 (Invitrogen), basic fibroblast growth factor (10 ng/ml), and epidermal growth factor (10 ng/ml), as previously described. 16 Clonogenicity assay. Freshly sorted U251 GSCs (DP, CD15 þ , and CD133 þ ) were plated under optimal conditions for neurosphere formation, as described above. Each sorted population was treated with either TMZ 50 mM or DMSO. The capacity of these two main groups of enriching for neurosphere formation was then compared. After 14 days, the number of colonies were counted for all groups.
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In vivo limiting dilution assay. GBM43 cells serially passaged in the flank of nude mice were collected, stained, and sorted for CD133 and CD15 GSC markers. CD133 only, CD15 only, and double-negative cells (CD133 À CD15 À ) were then intracranially implanted in the right hemisphere of athymic nude mice. Two major groups were created: (a) animals that received 100 sorted GBM43 cells (CD133 only, CD15 only, and double-negative cells -five animals/subgroup) and (b) those that received 500 sorted GBM43 cells (CD133 only, CD15 only, and double-negative cells -five animals/subgroup). The rate of engraftment between these two major groups and sorted subgroups was then compared.
In vivo xenotransplantation assay -flank model. The patientderived glioma xenograft GBM43 was established as described previously.
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GBM43 glioma cells were bilaterally implanted in the flank of 6-to 10-week-old athymic nude mice. Three weeks post implantation, when the tumors were visible and palpable, mice were divided into four groups, five mice/group: (A) DMSO; (B) TMZ 2.5 mg/kg/day; (C) TMZ 5 mg/kg/day; and (D) TMZ 10 mg/kg/day. Mice were treated intraperitoneally either with TMZ or DMSO for 5 consecutive days. Five days post therapy mice were killed and tumors were collected, weighed, disaggregated as described above, and the single-cell suspensions were subjected to the following analysis:
(1) To characterize the in vivo effect of different TMZ concentrations on the GSC subpopulations, GBM43 cells were labeled with human-specific antibodies for two cancer stem cell markers (CD15 and CD133) together with a broad stem cell marker (SOX2). To improve the exclusion of non-glioma cells, GBM43 cells were put through negative selection with anti-mouse CD45 (mouse-derived hematopoietic cell marker) followed by FACS analyses. Within the 10-day therapeutic window (between day 0 of TMZ therapy and day 10 when the tumor was collected), flank tumor volume was measured daily. As this same experiment was repeated twice, flank tumors from the second experiment were collected and frozen on OCT (Cryo-OCT Compound; Andwin Scientific TissueTek) and dry ice ( À 70 1C). Tumors were serially sliced and analyzed using H&E and immunostaining. (2) In vivo xenotransplantation assay -intracranial model. Freshly sorted CD15 þ , DP (CD133 þ CD15 þ ), and DN (CD133 À CD15 À ) GBM43 from the in vivo flank model were intracranially implanted in male athymic nude mice. Three microliters of cell suspension (1000 cells/mouse) were injected (by a 5-ml Hamilton syringe) into the striatum using a stereotactic apparatus. Injection coordinates were 2 mm lateral to bregma and 3 mm deep. Five days later, mice were randomly divided into six groups (five animals/group): (a) DMSO-treated flank-derived CD15 þ GBM43 GSCs; (b) TMZ-treated 2.5 mg/kg/day flankderived CD15 þ GBM43 GSCs; (c) DMSO flank-derived DP GBM43 GSCs; (d) TMZ 2.5 mg/kg/day flank-derived DP GBM43 GSCs; (e) DMSO flank-derived DN GBM43 non-GSCs; and (f) TMZ 2.5 mg/kg/day flank-derived DN GBM43 non-GSCs. When symptoms were observed (Z30% of weight loss, hunched back, lethargy, or paralysis), animals were killed. Tumor implantation was confirmed using immunohistochemical analysis and H&E staining.
Selection of TMZ in vivo dose. In order to choose the TMZ dose used throughout our in vivo experiments, we performed an allometric scaling conversion. 44 We found that the initial dose used in humans (75 mg/m 2 /day) is equivalent to 25 mg/kg/day in a mouse. Our goal was to establish an in vivo model to study the behavior of GSCs after primary chemotherapy. Owing to the differential lifespan, metabolism, and brain size between mice and humans, a TMZ dose of 25 mg/kg/day cleared the disease burden in all the tested xenograft models, thus making it impossible to study the effects of chemotherapy on GSCs. 45 Therefore, to select a more conducive dose we performed a TMZ doseresponse experiment that evaluated serial in vivo doses of TMZ, which included 2.5, 5, and 10 mg/kg/day. In all experiments the dose of 2.5 mg/kg/day was the only one that was able to reduce tumor size and did not cause selection/death of specific GBM subpopulations. Therefore, we chose this specific dose to study the impact of TMZ on tumor cell populations in vivo.
Hypoxyprobe, immunofluorescence, and histology. The antihuman hypoxyprobe kit was purchased from Hypoxyprobe (Burlington, MA, USA). Mice intracranially injected with GBM43 cells (five animals/group) were intraperitoneally treated 2 weeks post-tumor injection with either DMSO or TMZ 2.5 mg/kg/day for 5 consecutive days. When symptoms were observed (Z30% of weight loss, hunched back, lethargy, or paralysis), all mice received a tail veil
